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ABSTRACT 
 
Reservoir monitoring allows petroleum engineers to acquire a better understanding of the 
phenomenon happening inside a hydrocarbon reservoir under development; multiple 
methods exist currently to monitor a reservoir, depending on the data required and the 
studies the data is needed for. In naturally fractured reservoirs with a gas cap present, 
where the fracture network dominates the fluid flow from the reservoir to the production 
wells, it is of vital importance to be able to have a continuous surveillance of the behavior 
of the fluid contacts, in order to successfully plan and optimize the development of the 
reservoir. A well-documented monitoring methodology consists on installing permanent 
sensors at open-hole well completions, metering the pressure and temperature outside a 
production tubing designed to be in contact with all the fluids in the well. With the data 
gathered through these sensors, and basic knowledge of the reservoir fluid properties, the 
fluid contacts in the fracture network can be estimated at any time whenever data is 
available.  
 
An alternate methodology is presented in this document, for those well cases in which the 
placement of permanent sensors at the well completion is not viable and therefore pressure 
data outside of the production tubing for the aforementioned well is not available. This 
thesis proposes two methodologies to calculate the fluid contact by performing a small-
aperture orifice to the well completion design at the gas cap level, this modification allows 
to collect gas inflow pressure and rates data by introducing to the well surface-run tools; 
 iii 
 
A derived mathematical expression is fed with the obtained data to estimate the conditions 
outside the production tubing at the gas cap level, such correlation is also presented as a 
series of dimensionless type curves; finally, with the estimated pressure conditions and 
the corresponding fluid properties, the position of the gas-oil contact is calculated. The 
methodologies presented can be adapted to different forms of fluid flow through orifices 
equations in case the reader prefers to use a different one to those selected here; the 
methodology has to be calibrated before being implemented in the field in order to reduce 
uncertainty. 
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NOMENCLATURE 
A Area 
  Orifice flow discharge coefficient, dimensionless   Coefficient of contraction   Specific heat of the gas at constant pressure 
  Specific heat of the gas at constant volume   Actual flow velocity vs ideal flow velocity ratio 
CT Coiled Tubing 
	
  Diameter of the orifice or channel, inches or 64ths of an inch   Diameter of the tubing, inches 
DGOC Dynamic Gas-Oil Contact 
DTTC Deep Tubing Tail Completion 
DTS Distributed Temperature Sensing 
DWOC Dynamic Water-Oil Contact 
  Vertical depth differential, ft 
  Gravity of the gas (relative to air), dimensionless 
GLR Gas-Liquid Ratio, volume unit of gas / volume unit of liquid 
GOC Gas-Oil Contact 
Grad Fluid gradient, psi/ft 
IDTTC Instrumented Deep Tubing Tail Completion 
  Heat capacity ratio (HCR), dimensionless 
K Kelvin, temperature unit 
 vii 
 
  Orifice length (thickness of the tubing hosting the orifice), inches 
  Molecular weight, lbm / lbmol 
   Mass flow rate, mass unit / time unit 
NFR Naturally Fractured Reservoir 
P Pressure, psi 
	  Critical pressure, psi   Pressure downstream of an orifice or restriction, psi 
(Pdwn/Pups)c Critical pressure ratio, dimensionless 
PNLT Pulsed Neutron Logging Tools 
PTT Pressure Transient Testing 
  Pressure upstream of an orifice or restriction, psi 
  Static pressure, psi 
Qg Gas volumetric flow rate, volume unit / time unit 
  Dimensionless gas flow rate, dimensionless 
  Universal Gas Constant, J / Kg mol K 
   Density of the gas, lbm / ft3 
!"  Standard Conditions 
T Temperature, oR 
t Time 
TVD True Vertical Depth, ft 
#$%  Flow velocity 
WOC Water-Oil Contact 
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1. INTRODUCTION 
 
1.1 Motivation 
 
This thesis work originates from the need in the petroleum industry to achieve a better 
understanding of the reservoir conditions, in order to do so, multiple reservoir parameters 
such as pressure, temperature, rock saturation and fluid conditions like their position inside 
the reservoir, among others have to be continuously monitored; Performing the previous 
parameters monitoring is not easy, because the complexity and conditions of the reservoir 
systems and the wells drilled to produce the fluids contained in them are not always in line 
with the range of applicability of current wellbore data metering tools, providing an area 
for technologies and methodologies to be developed or improved.  
 
1.2 Concepts and Definitions 
 
In order to be able to put the reader in context of the terms that will be used in this thesis, 
the following definitions are provided. 
 
Fluids contact. - interface between 2 different fluids contained in a reservoir porous media, 
usually being the fluids in contact gas and oil, gas and water, or oil and water. 
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Naturally fractured reservoir. - petroleum system reservoirs characterized by a matrix 
porous media and a fracture porous media surrounding the matrix blocks, this type of 
reservoir is also known as double porosity reservoirs. 
 
Orifice geometry. - is the shape given to an orifice or restriction in order to restrict the 
flow from upstream conditions to downstream conditions depending on parameters like 
specific flow shape or pressure drop required, different shapes will result in different 
pressure drops and flow behavior.  
 
Pressure gauge. - device capable of metering pressure changes in the media surrounding 
the device. 
 
Sonic flow. - is the condition for fluids exhibiting a velocity greater than the sonic velocity; 
at conditions of sonic flow, perturbations downstream cannot propagate upstream since 
they cannot travel faster than sonic velocity.  
 
Well completion. - section or interval of a wellbore in charge of connecting the target 
reservoir system pay zone to the well production system. A well can have more than one 
completion. 
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2. LITERATURE REVIEW 
 
2.1 Importance of Fluid Position Monitoring Inside Wells Producing in NFR 
 
Naturally Fractured Reservoirs (NFR) have a very characteristic property, they possess 2 
fluid systems when 2 or more different fluids are present, as (Edwards et al. 2011) 
explains, more often than not, in mature fields, or fields in which the bubble point has 
been reached, the reservoir rock matrix develops one gas-oil-water contact while the 
fracture system develops a different gas-oil-water contact; in these cases a gradients 
difference provokes oil from the rock matrix system surrounded by the gas cap to leave 
the rock and migrate by gravity segregation through the fracture network to the oil rim 
formed in the fracture system; wells drilled in these reservoirs produce the oil by 
intersecting the fractures containing the oil rim, since the fracture system allows the fluids 
in the reservoir to move fairly easily when compared to the rock matrix system, the oil rim 
under exploitation exhibits a very dynamic behavior; Because of the previous statement, 
It is a top priority to be able to know and track the changes in the oil rim position and 
thickness, and avoid conditions where the wells get disconnected from it.  
 
NFR are also good candidates for a Gas flooding process or a Double Displacement 
Process, which basically consist in making the most of the gravity drainage effect by 
producing water from the bottom of the reservoir, while injecting gas on the top, in order 
to lower the position of the oil rim and expose to the gas cap the most possible volume of 
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reservoir rock matrix, increasing the volume of oil able to migrate down to the oil rim, and 
maximizing the recovery factor; This procedure makes very relevant the need to monitor 
the progress of the oil rim movement, in order to know the velocity at which this is moving 
down the reservoir, track the thickening or thinning of the oil rim as more reservoir rock 
matrix is exposed to the gas cap, increasing the gravity drainage effect, and plan 
accordingly to these changes in order to adapt the wells to be able to follow the moving 
oil rim. Very similar to the Double Displacement Process, exists a Temperature Assisted 
Gas-Oil Gravity Drainage process, in which gas is injected into the reservoir to increase 
the temperature, reduce the oil viscosity, and increase its mobility, facilitating the 
migration to the oil rim; the previous process also requires a continuous monitoring of the 
fluid contacts inside the reservoir, for very similar reasons to those of the double 
displacement process. 
 
An additional point worth mentioning regarding the importance of a fluid contact 
monitoring philosophy is presented by (Ladron De Guevara et al. 2012), putting emphasis 
in how wells in NFR initially completed with an open-hole way below the gas-oil contact 
(GOC) gas out when the GOC moves down the reservoir and generates conditions around 
the well completion where the mobility of the gas prevents for any liquid in the well to be 
extracted; Ladron De Guevara et al. modified the well completion, installing a hanging 
tubing with a packer at the liner, the hanging tubing is designed with production slots at 
the lower end, or the bottom end open and is long enough that it penetrates the oil rim 
deep enough for oil production to be resumed with a great reduction in the gas-liquid ratio, 
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in some cases completely eliminating gas production; such design is known as a Deep 
Tubing Tail Completion, and when paired with tools to monitor reservoir parameters like 
pressure gauges, it is known as an Instrumented Deep Tubing Tail Completion (Ladron 
De Guevara et al. 2012); The main benefits of having a way to acquire data from the well-
reservoir conditions in these type of well completions, according to Ladron de Guevara et 
al. are: 
 
• Continuous tracking of the Dynamic and Static conditions of the near well reservoir 
region. 
• Tracking of the changes in the oil rim thickness and position. 
• Changes in the monitored fluid gradients. 
• Real time reservoir pressure and/or temperature monitoring. 
• Estimation of reservoir and well parameters by means of transient pressure test 
analysis availability. 
• Tuning and optimization of the artificial lift system in cases where this exists. 
 
2.2 Types of Gas-Oil Contacts in NFR 
 
As described in the previous chapter, a NFR under exploitation possess 2 main GOC, one 
in the reservoir rock matrix system, and a second one in the fracture network (Edwards et 
al. 2011), this happens because of the limited mobility fluids have inside the rock matrix 
relative to the mobility through the fracture network, delaying the change in position of 
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the GOC in the first system. The previous GOC are usually referred to areas of the 
reservoir where a condition of semi-balance is present, conditions also known as “static 
conditions”, this means that, the effects of a producing well are not directly altering the 
condition of the reservoir area under study. 
 
Reservoir areas subject to producing wells usually are influenced by the pressure 
drawdown generated to transport the hydrocarbons to the surface, the new conditions 
generated by this perturbation in the reservoir are known as “dynamic conditions”, and 
they directly affect the fluids in the reservoir near the well; the dynamic condition 
experienced while producing a well force the GOC in the very near region to change its 
depth until such perturbance is stopped, depending on the magnitude of the pressure 
drawdown, the characteristics of the well completion, the reservoir rock properties and 
fracture network  properties, the change in the GOC depth can go from a few to several 
feet; the position of the GOC while under dynamic conditions is known as the Dynamic 
Gas-Oil Contact (DGOC), an example of the GOC and DGOC is displayed on fig. 2.1; 
more information on how the DGOC monitoring benefits engineers to achieve better 
reservoir exploitation practices is presented by (Ladron De Guevara et al. 2012).   
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Fig. 2.1– DGOC and DWOC position monitoring over time using pressure gauges data. 
 
 
2.3 Well Completion Types Suited for GOC and DGOC Monitoring in NFR 
 
Depending on many factors, including the purpose of a well, the geology and shape of the 
reservoir, budget, etc., a well completion can be very different from another in the same 
reservoir. In the Petroleum Production Systems book by (Economides et al. 2012) four 
main completion designs are described, open-hole completion, gravel pack completion, 
cemented, cased and perforated completion, and the slotted liner horizontal well 
completion; each of those completions has its own specific characteristics, advantages, 
limitations and ideal conditions for implementation; other completion designs exist, but 
they are basically iterations or more complex designs of the four mentioned previously. 
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The completion designs better suited to allow an efficient DGOC monitoring are the open-
hole completion, and the cemented, cased and perforated completion, diagrams of these 
two completions appear in Fig. 2.2; the open-hole completion in Fig. 2.2(A) consists in 
perforating the producing section of the well and leaving the hole directly in contact with 
the reservoir rock. Fig. 2.2(B) shows a cemented, cased and perforated completion, this 
type of completion consist in installing a tubing casing at the bottom of the well and 
cement it to the reservoir, in order to support the casing, it also prevents the well walls 
from collapsing, in reservoirs where wall conformity is an issue, after cementation the 
casing is perforated in a way that vertical direct communication exists between the well 
completion and the reservoir area surrounding the well. 
 
 
 
Fig. 2.2– A) Open-hole well completion B) Cemented, cased and perforated completion. 
 
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The open-hole completion and the cemented, cased and perforated completion are great 
for fluid contacts monitoring since their characteristics minimize reservoir isolation, 
which allows the conditions inside the well completion to be almost the same as the 
reservoir conditions surrounding the well, this of course includes, the DGOC position; if 
the well completion was cased and cemented, the fluid levels inside the completion would 
not be representative of those at the reservoir (Fig. 2.3). 
 
 
 
Fig. 2.3– Schematics of a closed well displaying the difference between fluid column inside a well and the 
GOC position at the reservoir. 

	




	

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2.4 Current Technologies and Methodologies to Monitor the GOC and DGOC 
 
Multiple technologies currently exist focused on monitoring different reservoir parameters 
at the well completion, the technology to implement is selected depending on the 
characteristics of the completion, budget and data required. Brief descriptions are provided 
here of the most widely applied in the industry in order to give the reader a sense of the 
application range and restrictions that current GOC monitoring technologies possess. 
 
2.4.1 Wireline Intervention Tools 
 
The use of wireline intervention tools usually provide means to acquire data inside the 
production tubing or even at the bottom of the well completion if the production tubing is 
not closed at the bottom end; the basic configuration of this tool consist of a coiled wireline  
that is used to introduce different tools into a wellbore or a tubing; because of the nature 
of the wireline, its use is limited to vertical wells or wells with limited deviation since the 
introduction of the tool all the way to the bottom of the borehole or the tubing will depend 
on the weight of the tools being introduced and the resistance the walls of the wellbore or 
the tubing oppose, if the well is highly deviated, the metering tools will rest in the wall of 
the wellbore or tubing and won’t be able to travel to the required depth. 
 
The tools introduced in wells for data gathering usually include (but are not limited to), 
pressure sensors, flow spinners, gradiomanometers, electric probes, calipers, etc. The 
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usual wireline procedure consist on making an initial calibration run to the bottom of the 
wellbore or tubing, or the deepest location possible without restrictions or risks of getting 
the tool stuck, once the calibration run has been performed, multiple runs up and down the 
hole are performed along stops at different depths, and at flowing or closed well conditions 
depending on the data required to be gathered inside the well configuration(Edwards et al. 
2011). 
 
If the production tubing bottom side is located below the reservoir GOC in an open-hole 
well completion, making use of the pressure data taken at multiple stops when the well is 
closed will allow us to detect the liquid level inside the tubing, this data is important when 
gas lift design and optimization is being performed but will not allow us to estimate the 
GOC position at the well; if the production tubing bottom side is located above the 
reservoir GOC in an open-hole well completion, in other words in direct contact with the 
gas cap (Fig. 2.4), making use of the pressure data taken at multiple depth stops when the 
well is closed will allow us to detect the position of the GOC inside the well (Onyekonwu. 
1997). 
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Fig. 2.4 – Closed well with direct communication to the gas cap, displaying same GOC inside and outside 
the well completion, obtained with pressure data acquired at different depth stops. 
 
 
2.4.2 Pulsed Neutron Logging Tools 
 
Pulsed neutron logging tools (PNLT) can be run in open or cased wellbores, surrounded 
by liquid or air, they are used primarily to perform formation evaluation, they provide 
measurements of  “sigma” (the cross section formation capture), ratio of near to far 
detectors, porosity, carbon and oxygen (C/O), gamma ray spectra of inelastic neutron 
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scattering and thermal neutron capture in one logging trip in the wellbore (Schneider et al. 
1996; AlSharif et al. 2013). This type of tools can help detect fluid contacts, an example 
is given in the work performed by (Schneider et al. 1996) where he explains how he used 
a combination of data analysis from the PNLT and existing open hole log data to evaluate 
and find the fluid contacts in a CO2 flooding project in a mature reservoir.  
 
2.4.3 Distributed Temperature Sensing 
 
Distributed Temperature Sensing (DTS) technologies can be implemented in a well using 
optic fiber, this fiber is designed to resist high temperatures and many corrosive 
components regularly found in wells; the resolution of the fiber optic temperature readings 
is really good, capable of detecting changes every few feet, or even less; in order to use 
the DTS to detect fluid contacts inside a well, a perturbation must be introduces that does 
not change the position of the fluid contacts but reveals their depth, when a well is under 
production the produced fluids will surround the optic fiber, making difficult to detect a 
fluids level, for this reason the DTS measurements and respective perturbations must be 
performed in a closed well in equilibrium (Edwards et al. 2011). In their work, (Edwards 
et al. 2011) explain how using a U tube inside a closed well crossing the fluid contacts 
allows them to pump a cool fluid  inside the sealed loop and measure the thermal 
perturbation with an optic fiber installed inside the same U tube(Fig. 2.5); the DTS fiber 
measures the cooling process and the subsequent stabilization of the temperature as the 
reservoir heats the pumped fluid, the temperature recovery, called thermal relaxation, will 
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be different for each section of the DTS fiber depending on the fluid surrounding it 
(Edwards et al. 2011). For the reasons mentioned previously, this tool proves an excellent 
method for GOC monitoring, but its limited when trying to measure the DGOC because 
of the thermal equilibrium and the constant fluid flow surrounding the DTS fiber. 
 
 
 
Fig. 2.5 – Schematics for a DTS configuration and data interpretation. Reprinted with permission from 
Edwards et al. 2011. 
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2.4.4 Pressure Transient Testing 
 
Pressure transient test are widely used in the hydrocarbon industry as a mean to acquire 
reservoir and well data such as skin or permeability; with the introduction of pressure 
derivative log-log plots multiple well reservoir and boundary signature responses have 
been characterized and can now be identified, diagnosed and their model parameters can 
now be calculated (Nnadi et al. 2015).   According to Nnadi et al. the implementation of 
bottom hole pressure tests and permanent pressure gauges has allowed fluids contact 
movement can be detected from late time pressure derivative responses, and when the 
historic responses of pressure transient tests taken in the same well at different times are 
superimposed on the same pressure derivative log-log plot the detection of the advancing 
fluid contacts becomes possible. (Nnadi et al. 2015) have tested their methodology 
primarily in gas reservoirs with presence of a water front with great success, while their 
methodology allows for a static fluids contact to be estimated, they require direct 
communication to the gas in order to perform such estimations and detect the gas-water 
contact as a boundary response. 
 
2.4.5 Instrumented Deep Tubing Tail Completion 
 
The deep tubing tail completion (DTTC) has been widely implemented in NFR with 
consistent success, either being instrumented or not, one of its main benefits is to reduce 
the pressure drawdown required to bring the oil to the surface (Posadas-Mondragon. 
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2006), while also reducing the gas produced by means of placing the producing section of 
the tubing tail below enough of the GOC; (Tovar Rodriguez et al. 2011), (Ladron De 
Guevara et al. 2012; Tovar Rodriguez et al. 2011) and (Ramondenc et al. 2016) have all 
presented successful production cases for instrumented and non-instrumented iterations of 
the DTTC, The difference between an Instrumented completion and a non-instrumented 
basically resides in the presence or absence of permanent sensor gauges at the completion. 
 
As shown in Fig. 2.6, an instrumented tubing tail completion (IDTTC) consists of an open 
hole or cemented, cased and perforated completion, where a packer/hanger is anchored at 
the last cemented casing string, the packer/hanger holds a tubing extension known as the 
tail, which depending on the design can end up between 5 to 15 feet from the bottom of 
the borehole, the tail will be either an open ended production tubing or a slotted liner, 
always below enough the GOC, only allowing production to flow from the bottom of the 
completion if the water-oil contact is known to be far enough, or positioned at the middle 
of the oil rim promoting oil production over undesired fluids when water is present; the 
tubing tail will also host a series of pressure and temperature sensors connected to the 
surface though a cable, these sensors are distributed along the tubing tail in a way that 
allows for data to be taken from al the fluids or sections of interest inside the well (Ladron 
De Guevara et al. 2012). 
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Fig. 2.6 – A) non-instrumented deep tubing tail completion B) Instrumented deep tubing tail completion. 
 
 
The main benefit obtained from installing pressure and temperature sensors in a DTTC is 
the continuous monitoring of fluid gradients and dynamic or static conditions when the 
well is producing or shut down respectively, the monitoring of these parameters also 
means that a continuous surveillance of the GOC and DGOC can be achieved (Fig. 2.1). 
fig. 2.7 shows an example of an Instrumented DTTC configuration in a NFR well that 
experiences both production and shut down periods and how does the fluid gradients and 
contacts behave over time, the slots in the completion diagram are sliding sleeves where 
the upper one is open and the lower one in closed, such reservoir is under a gas flooding 

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process, this means that the oil rim is expected to be displaced down the reservoir, when 
this happens, the upper sliding sleeve will be closed and the lower one will be opened to 
continue production at the new position of the oil rim. 
 
 
 
Fig. 2.7 – IDTTC monitoring both the DGOC and the DWOC using gradients from the pressure gauges. 
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Having such a continuous monitoring capability provides means to optimize the 
production in a well, it can diminish bottom-hole condition uncertainties, extend the 
productive life and increase the success of the completion regarding final oil recovery. A 
key factor for this kind of monitoring to be successful is to have a 100% certainty of the 
vertical position of the sensors, since their position plays a key part of the fluids contacts 
position calculation, any divergence with their true vertical depth will make the gradient 
calculations not be representative of the fluids present inside the well, thus producing 
calculation errors (Onyekonwu. 1997; Ladron De Guevara et al. 2012). 
 
2.4.6 DGOC Position Monitoring Through Physical Evidence 
 
An iteration of the deep tubing tail completion is presented by (Lagunas Tapia et al. 2015) 
where monitoring of the dynamic gas-oil contact can be achieved to a certain extension, 
in wells drilled in NFR where pressure data outside of the production tubing for the 
aforementioned well is not available because the placement of permanent sensors at the 
well completion is not viable (the reason either being technical, mechanical, personnel 
safety or project budget related), their proposed solution relies on making small alterations 
to the tubing tail, alterations that won’t increase the diameter of the tubing, and will allow 
to estimate a depth interval where the DGOC is placed at the moment when data metering 
tool are run inside the tubing to detect physical evidence of the DGOC position (controlled 
inlet gas flow to the production tubing). 
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Installation of an instrumented deep tubing tail completion requires an economic 
investment to modify the well completion to be able to allocate the pressure-temperature 
sensors, and such investment is not always possible because of budget limitations; or the 
need for the physical characteristics of the wellbore (mainly the diameter and severity of 
the well trajectory) to allow for the additional equipment to be installed without risk of the 
completion tubing getting stuck during the installation since the jackets that hold the 
sensors tend to increase the outside diameter of the completion (Fig. 2.8).  
 
 
 
Fig. 2.8 – A) Well completion with sufficient space to safely allocate instrumented tubing tail B) Well 
completion without sufficient space to safely allocate instrumented tubing tail. 
 
 
 
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Due to the circumstances stated in the previous paragraph, wells with small hole diameter 
are not candidates for monitoring technologies relying on annular space pressure data 
gathered with external sensors; The approach to solve this problem presented by Lagunas 
Tapia et al. (2015) consists in making alterations to the tubing tail, small diameter orifices 
(usually around 8/64” – 16/64”)  denominated as “witnesses” are designed and perforated 
above the production slots at specific intervals, depending on the characteristics of the 
completion, the vertical length available between the production slots and the 
packer/hanger, and the resolution required for the contact estimate. 
 
The main objective of Lagunas Tapia et al. (2015) methodology is to allow a small amount 
of gas to enter the non-instrumented tubing tail through each orifice as they become 
exposed to the gas cap by means of the displacement of the gas-oil contact. In this way it 
can be concluded that the gas-oil contact position must be somewhere in the interval 
between the deepest orifice where exists evidence of gas inlet and the next orifice bellow 
it, giving a better idea of the movement of the contact in time; when the next orifice admits 
gas, it is assumed that the gas-oil contact has displaced somewhere between the new orifice 
admitting gas and the next one down along the tubing tail, a diagram displaying this 
completion design and methodology is shown in fig. 2.9 and fig. 2.10, where the same 
flowing well is analyzed at two different times, being the principal change between t1 and 
t2 the displacement of the DGOC down the reservoir, further exposing to gas cap gas 
additional witness orifices to those already exposed at t1, and the physical response this 
displacement provokes inside the modified tubing tail installed in the well. 
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Fig. 2.9 – Completion design based on the GOC monitoring methodology by Lagunas Tapia et al. (2015) 
at t1. 
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Fig. 2.10 – Completion design based on the GOC monitoring methodology by Lagunas Tapia et al. (2015) 
at t2. 
 
 
The easiest way to obtain the gas inlet evidence is to run wireline intervention tools like 
spinners, gradiomanometers and electric probes inside the tubing tail like those mentioned 
previously in this section, positioning them in front of every witness orifice in order to 
collect fluid rates and pressure data. 
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The additional gas production coming from the witness orifices in contact with the gas cap 
should not reduce the total liquid production since a design analysis is done beforehand, 
applying gas lift performance curves theory (Economides et al. 2012) fig. 2.11; The 
maximum gas-liquid ratio is calculated for the well conditions and then this value is used 
as the limit for the amount of total gas that cumulatively all the witness orifices should 
allow to enter the production tubing to achieve such maximum gas-liquid ratio and the 
corresponding production rate, in a scenario where every hole was exposed to the gas cap. 
 
 
  
Fig. 2.11 – GLR vs liquid production rate example curve. 
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The main limitation regarding the use of this type of completion to monitor the DGOC is 
the reduced resolution that can be achieved without allowing too much gas into the well; 
this means that too many orifices will increase the resolution of the estimated interval, but 
will also increase the amount of gas entering the completion, while not enough orifices 
will result in an estimated interval allocating the DGOC so big that it basically invalidates 
the benefit of having the orifices perforated in the tubing tail. 
 
2.5 Heat Capacity Ratio for Gases 
 
The heat capacity ratio for gases () also known as specific heat ratio (Bahadori. 2012b), 
or adiabatic gas exponent (Szilas. 1985a), is an expression for the relation between two 
specific heat values of a gas under two different conditions, it is expressed as (Szilas. 
1985b): 
 
 & '())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))2.1 
 
Where Cp is the specific heat of the gas at constant pressure and Cv is the specific heat of 
the gas at constant volume. The heat capacity ratio is relatively insensitive to changes in 
molecular weight or temperature within the family of gaseous hydrocarbons, for this 
reason is safe to make calculations assigning it a constant value (Szilas. 1985a).  
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For air usually the heat capacity ratio has a value of 1.4, while the heat capacity ratio for 
natural gas is around 1.28; if we calculate the critical pressure ratio for air and natural gas 
using the previously mentioned values, air critical pressure ratio has a value of 0.528 and 
natural gas critical pressure ratio has a value of 0.549 (Gould. 1974). 
 
2.6 Compressible Flow Through Restrictions and Chokes 
 
According to Majid et al. (2014-2015) the amount of fluid that can pass through an orifice 
in a pipe depend on the pressure differential existing across the orifice and the discharge 
coefficient for such hole, under pseudo-steady state flow, where such conditions remain 
fairly constant, the amount of fluid passing through the orifice should also remain 
constant. 
 
 
 
Fig. 2.12 – Nozzle/Choke schematic reference points for A) sonic flow B) Sub-sonic flow. 
+ ,  + , 
A) Sonic flow B)Sub-Sonic flow
Flow Path
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If the pressure differential is big enough when a gas flows through a choke, the fluid may 
be accelerated sufficiently to reach sonic velocity at position 2 of fig. 2.12 (Economides 
et al. 2012). Fluids exhibiting a velocity greater than the sonic velocity are considered 
under sonic flow behavior, where any downstream perturbation in unable to propagate 
upstream because the maximum velocity pressure perturbation can achieve is sonic 
velocity (Economides et al. 2012; Bahadori. 2012a), meaning that the mass flow rate will 
reach a maximum value dependent only of upstream parameters, independent of any 
change in pressure differentials (Bahadori. 2012a; Morris. 1996; Grace and Frawley. 
2011), so any perturbation occurring downstream of the orifice will not affect upstream 
conditions (Nøkleberg and Søntvedt. 1998), this also means that pressure at location 2 in 
fig. 2.12 under sonic flow conditions will be greater than pressure at location 3 of that 
same figure (Kayser and Shambaugh. 1991). If the system is under sub-sonic flow and 
pressure P1 upstream is increased parting from pressure P2 downstream, the lowest 
pressure P1 value at which sonic flow begins is known as the critical pressure Pcrit, the 
differential between the Pcrit upstream and the pressure P2 downstream is known as the 
critical pressure differential*	 + ,*. The pressure relation at which gas flow achieves 
sonic flow is known as the critical pressure ratio “(P2/P1)c” (where (P2/P1)c=(Pdwn/Pups)c 
=(Pdwn/Pcrit) ), it is expressed as a function of the heat capacity ratio for gases (Szilas. 
1985a): 
 
-./.01	 & 2.345.6'7 8	 & - ,9:;1
<<=0 )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))2.2 
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Based on the previous equation, table 2.1 shows the corresponding (Pdwn/Pups)c for a 
given set of the most common heat capacity ratio values: 
 
 
 
Table 2.1 – Heat capacity ratio vs critical pressure ratio 
 
 
For Sub-sonic flow behavior, the gas flow speed is less than the speed of sound, so 
pressure at location 2 in figure 2.12 under sub-sonic flow conditions will be equal to the 
pressure at location 3 of that same figure (Kayser and Shambaugh. 1991), it is concluded 
that gas flow rate for such conditions depends on the pressure differential across the choke, 
additionally any perturbation occurring downstream will have an impact on the upstream 
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pressure, becoming the pressure differential across the choke a parameter of mayor 
influence for the flow rate (Schuller et al. 2006). Fig. 2.13 shows the gas flow rate model 
at pressure differential ratios spanning sub-sonic and sonic flow regions, exposing the 
behavior it attains, dependent of the pressure ratio when flow is sub-sonic, and 
independent of pressure ratio when flow achieves a sonic velocity (Economides et al. 
2012). 
 
 
 
Fig. 2.13 – Pressure differential ratio vs gas rate curve behavior for sonic and sub-sonic flows 
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Bear in mind that even when the sonic gas flow rate velocity has become choked, we can 
still increase the mass flow rate by means of either decreasing the upstream temperature, 
or increasing the upstream pressure (Bahadori. 2012a; Bahadori. 2012b; Ashford and 
Pierce. 1975; Liu et al. 2007).  
 
It is easily concluded from available literature that a universal equation does not exist for 
flow rates estimation across chokes that fits accurately all types of chokes and fluids 
passing through them (Bahadori. 2012a; Nøkleberg and Søntvedt. 1995), there exist many 
models to estimate choke flow behavior, depending on the fluid properties, sonic or 
subsonic flow and choke configuration, one model or another will be better suited to our 
specific scenario, and new studies are performed every day with the objective to improve 
current correlations. 
 
The general form of many compressible gas flow equation models found in literature for 
flow through small round orifices have the following structure (Szilas. 1985a; Economides 
et al. 2012): 
 
 & √? @A 	
, 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The general assumptions involving the derivation of the previous equation are mentioned 
here (Binder. 1958; Emanuel. 1986; Kayser and Shambaugh. 1991; Szilas. 1985a): 
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• Flow of an ideal gas. 
• The gas has constant heat capacity. 
• Isentropic, frictionless and adiabatic flow. 
• The flow does not produce chemical reactions. 
• There exists pseudo steady-state flow. 
 
In this thesis we will make use of the form of the equation for compressible gas flow 
through small round orifices using field units: 
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Equation 2.4 is governed by the critical pressure ratio (equation 2.2), the usual methodology 
to calculate the gas flow rate using these equations requires for the critical pressure ratio 
to be calculated first using equation 2.2, if Pups and Pdwn are known we check if the pressure 
ratio Pdwn/Pups is bigger or smaller than the critical pressure ratio, when pressure ratio 
Pdwn/Pups is bigger than the critical pressure ratio then equation 2.4 can be used as it is 
written, but if pressure ratio Pdwn/Pups is equal or smaller than the critical pressure ratio, 
then the pressure ratio Pdwn/Pups must be replaced in every term of equation 2.4 for the 
critical pressure ratio (Pdwn/Pups)c,  due to the fact that under sonic flow conditions the flow 
rate will be insensitive to any perturbation or change in the pressure downstream; such 
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setting for sonic flow conditions results in the following equation (Szilas. 1985a; 
Economides et al. 2012): 
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Fig. 2.14 has been created using the previous methodology, for different choke diameters, 
displaying the sonic and sub-sonic flows; it is clear from fig. 2.14 that when pressure ratios 
are smaller than the critical pressure ratio for the same flow conditions, the gas flow rate 
depends only on the choke diameter and the pressure upstream of the choke (Szilas. 
1985a). 
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Fig. 2.14 – Pressure differential ratio vs gas rate. 
 
 
One last comment worth mentioning regarding compressible flow through small orifices 
is that according to (Fortunati. 1972; Nejatian et al. 2014), pressure and temperature 
conditions for fields currently under exploitation are most likely to result in wells 
operating at sub-sonic flows. 
 
2.7 Orifice Geometries 
 
Different orifice and nozzle geometries have been developed in the literature, depending 
on the requirements some are better that others, usually the designs aim to achieve sonic 
stabilized flow with the minimum pressure differential across the orifice or nozzle.  
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The shape and geometry of an orifice greatly affects the behavior and conditions of the 
compressible flow across it. Taking for example small diameter orifices, the length to 
diameter ratio, also known as the plate thickness to diameter ration, affects the 
compressible flow through a small straight bore orifice since the vena contracta may 
develop within the length of the orifice, changing the actual flow behavior compared to 
larger diameter orifices at similar conditions (Kayser and Shambaugh. 1991). 
 
Two types of geometries are presented in this work, their selection was based on their 
simplicity, characteristics, known influence and behavior over compressible flow 
conditions and easiness of implementation; the first type is the straight-bore orifice, the 
second type is the sharp or knife-edge orifice, such geometries are presented in Fig. 2.15: 
 
 
 
Fig. 2.15 – Cross-section of orifice geometries A) straight-bore orifice B) sharp-edge orifice. 
 

Flow path
A) B)
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It is worth mentioning that for the knife-edge orifices, incredibly sharp edges are not 
optimal because they tend to deteriorate easily; based on (Kayser and Shambaugh. 1991) 
flow experiment for this type of orifices have used edges of 25 m flat surfaces parallel to 
the flow without signs of deterioration.  
 
When the orifices are designed at a non-flat surface, like the side-wall of a pipe, the ratio 
between the orifice diameter “d” and the pipe diameter “D” will greatly affect the shape 
of the vena contracta, with larger  ⁄  ratios the shape of the vena contracta will deform 
increasing the error of flow rate predictions, while having small  ⁄  ratios will give the 
vena contracta a shape that approaches to that of a circle, increasing the accuracy of the 
flow rate estimations (McLemore et al. 2013). 
 
2.8 Discharge Coefficients for Orifices and Nozzles 
 
The discharge coefficient  can be defined as the representation of the relationship 
between the measured or actual mass flow rate through an orifice and the calculated 
isentropic, adiabatic mass flow rate through the orifice under identical upstream 
temperature, upstream pressure, and pressure drop across the orifice (Guo et al. 2011; 
Kayser and Shambaugh. 1991), another excellent description defines the discharge 
coefficient as the ratio of the mass flow rate at the orifice area and the mass flow at the 
vena contracta area, accounting for the difference in geometrical flow area to effective 
flow area (Grace and Frawley. 2011). It usually is expressed as: 
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Given the following expressions for the mass flow rate and the volumetric flow rate: 
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Where for round shaped orifices: 
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Resulting in: 
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The final form of the expression to calculate the discharge coefficient for round shaped 
orifices takes the following form: 
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 A variation of an excellent procedure given by (Kayser and Shambaugh. 1991) to apply 
the aforementioned equation, where is assumed that the pressure, temperature and actual 
mass flow rate are measured parameters, is detailed as follows: 
 
• If the heat capacity ratio  is not going to be assumed as constant, it has to be calculated 
at the upstream temperaturer;. 
• Calculate the critical pressure ratio (Pdwn/Pups)c using the heat capacity ratio from the 
previous step. 
• We check if the pressure ratio Pdwn/Pups is bigger or smaller than (Pdwn/Pups)c, if pressure 
ratio Pdwn/Pups is equal or smaller than the critical pressure ratio, then the pressure ratio 
Pdwn/Pups must be replaced in every term of equation 2.11 for the critical pressure ratio 
(Pdwn/Pups)c. 
• If possible accurate measurements of either the area or the diameter of the orifice have 
to be conducted at a reference temperature and adjusted by the thermal expansion at 
conditions ofr;. 
• With all the elements required, fill the equation and calculate the value of the discharge 
coefficient for the given flow conditions. 
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As an alternate method, the discharge coefficient can also be described by the following 
equation (McLemore et al. 2013): 
 
 &  a  ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))2.12 
 
Where the reduction of flow jet area at the vena contracta is accounted for the coefficient 
of contraction, and the coefficient of velocity  accounts for the ratio between the 
actual flow velocity and the ideal flow velocity, this way of calculating the discharge 
coefficient won’t be required during the development of the present thesis and is just 
presented as an alternative for future works. 
 
Flow orifices are widely used in the industry, depending on the allocation of the orifice 
either being across a pipe, in a plate, at the lateral wall of a pipe, or otherwise; they are 
generally influenced by different aspects (Hüning. 2010): 
 
• Radius or chamfer at the inlet and outlet. 
• Friction, specifically the Reynolds number. 
• Angle of the orifice with respect to the inlet and outlet surface. 
• Geometry of the cross-section of the orifice. 
• The D/d or d/D ratios when applicable (usually for cross-pipe orifices). 
• The  ⁄  ratio when applicable (usually for lateral pipe-wall or plate orifices where D/d 
is not available). 
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• Pressure differential across the orifice. 
• Inlet and outlet flow obstructions or direction changes. 
• Cross-flow at inlet and outlet. 
 
The correct characterization of an orifice behavior is of great importance if accurate 
measurements and monitoring are to be conducted; Manufacturers used to conduct flow 
experiments and develop orifice discharge coefficients or empirical relationships that were 
generally proprietary and not always distributed, this has caused in the past a great deal of 
uncertainty between buyers and sellers when different manufacturers meters were used, 
deriving in the establishment of the Gas Measurement Committee, which has done 
extensive orifice research (Fling. 1988); in addition to the Gas Measurement Committee, 
many have been the research groups, Universities and individuals involved in the research 
and development of studies focused on the characterization of the orifice discharge 
coefficient. Nowadays leading manufacturers provide technical information, test data, 
sizing catalogs, calculator programs, etc. that result in better estimations (Emerson Process 
Management Technologies. 2015). 
 
According to (Hüning. 2010) there are 2 methods to characterize the orifice discharge 
coefficient in order for us to be able to replicate its behavior and take advantage of that 
replicating it for computer applications, the first method to characterize  is to plot 
measured experimental data and proceed to do a curve fitting to such data, by finding 
fitting mathematical expressions, which are most suitable for scaling factors in between 
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the minimum and maximum experimental data points; the second one consist in 
developing an actual physical model conception of all the parameters and flow physics 
and adjusting it by means of matching factors to experimental data. 
 
The available literature reviewed displays both methodologies, for the purpose of this 
research we will be making use of correlations for  based on the first methodology 
(Kayser and Shambaugh. 1991). 
 
Many studies have been done regarding the analysis of the discharge coefficient, (Kayser 
and Shambaugh. 1991) studied the specific case of the discharge coefficient behavior for 
compressible flow through small-diameter orifices and convergent nozzles, four different 
geometries where tested, in this work we will focus on the premises of their studies and 
the results and conclusions achieved for two of those geometries, the straight-bore orifices, 
and the sharp-edge orifices. 
 
The main objectives of (Kayser and Shambaugh. 1991) were to obtain and present 
experimental data of the compressible flow through small-diameter orifices and 
convergent nozzles and plot the flow data against multiple dimensionless parameters so 
important data behaviors could be isolated, studied, and if possible modeled. Their 
experiments span a range of 4 different geometries, elliptical entry nozzles, rounded entry 
nozzles, straight-bore orifices, and sharp-edge orifices, each one tested using 4 different 
orifice diameters, for a total of 16 different elements; the experiments were performed at 
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different temperatures ranging from 295 to 700 K; The flow across the orifices and nozzles 
was conducted using Mono-, di- and triatomic gases whose molecular weights ranged 
from 4 to 44, characterized by heat capacity ratios going from 1.28 to 1.67. The 
characteristics of the gas used in the experiments performed by (Kayser and Shambaugh. 
1991) are relevant to us since natural gas properties fall right into the spectrum of the 
tested gases; natural gas, depending on the reservoir usually has a molecular weight close 
to 19, (Economides et al. 2012) propose a molecular weight for natural gas of 18.92 and a 
gas gravity(to air) of 0.65 when there is a lacking data regarding detailed composition of 
a natural gas, additionally to this data (Bahadori. 2012b; Gould. 1974) specify a heat 
capacity ratio around 1.28 for natural gas. 
 
The resulting data of (Kayser and Shambaugh. 1991) for the experiments on straight-bore 
orifices and sharp-edge orifices has been extracted from their graphs as accurately as 
possible, in order to generate the graphs presented here; (Kayser and Shambaugh. 1991) 
implement in their results the “dimensionless pressure drop” term in order to better isolate 
flow behaviors, and it is defined as the ratio between the current pressure differential 
s + t and the critical pressure differential J	 + uO: 
 
vL wx!!L wyd & s.6'7F.345tJ.CzYWF.345O)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))2.13 
 
It is clear then, that when the dimensionless pressure drop is greater than 1.0 the pressure 
differential across the orifice is greater than the critical pressure differential and the fluid 
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going across the orifice will achieve sonic flow, if the dimensionless pressure drop is lower 
than 1.0 then the fluid going across the orifice will do so at sub-sonic flow. 
 
The experiments done by (Kayser and Shambaugh. 1991) on sharp-edge orifices gave the 
following results: 
 
• Fig. 2.16 shows how the discharge coefficient is virtually independent from 
temperature or orifice diameter when plotted against the dimensionless pressure drop. 
 
 
 
Fig. 2.16 – CD for sharp-edge orifices at different upstream temperatures and diameters flowing the same 
gas. Reprinted with permission from Kayser and Shambaugh, 1991. 
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• Fig. 2.17 shows how the discharge coefficient is virtually independent from the gas 
composition when plotted against the dimensionless pressure drop, at least for the 
range of gases used in their experiments: 
 
 
 
Fig. 2.17 – CD for a sharp-edge orifice with different upstream temperatures and gas compositions. 
Reprinted with permission from Kayser and Shambaugh, 1991.  
 
 
• From fig. 2.17 it becomes evident that the subsonic area data from the tests is well 
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subsonic area for three sharp-edge orifices with different diameters, tested at different 
0
0


/
/
.
 + ,  -


		  21
$	21

6	24,.5
6	245
6	245
,24,.5
,245
,245
6& 24,.5
7	24,.5
,08724,.5
008724,.5
"%2 	$
 16
" 	$
 16
 44 
 
temperatures using different gas compositions, the data is complemented with a best-
fit line correlation that can be used confidently to calculate the discharge coefficient, 
based on the pressure differential, independently of the gas composition, the 
temperature, or the orifice diameter, as long as the calculation parameters fall inside 
of those covered by the experiment performed to obtain such correlation; according to 
Kayser and Shambaugh(1991) the discharge coefficient fitted correlation is expressed 
as: 
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Fig. 2.18 – CD for multiple sharp-edge orifices with different upstream temperatures and gas compositions 
at sub-sonic flow conditions. Reprinted with permission from Kayser and Shambaugh, 1991. 
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• When plotting the discharge coefficient against the throat Reynolds number (fig. 2.19) 
(Kayser and Shambaugh. 1991) observed that for compressible flow through sharp-
edge orifices the discharge coefficient does not show a good correlation with the throat 
Reynolds number, from the previous results they concluded that while the Reynolds 
number is usually correlated to the discharge coefficient for incompressible flow, it 
will not show a correlation to the discharge coefficient for compressible flow when 
large expansions occur across the sharp-edge orifices. 
 
 
 
Fig. 2.19 – Reynolds number vs discharge coefficient. Each color represents different orifice diameter at 
different temperatures. Reprinted with permission from Kayser and Shambaugh, 1991. 
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Moving to the next orifice geometry of interest for the purposes of the present thesis, the 
experiments done by (Kayser and Shambaugh. 1991) on straight-bore orifices gave the 
following results: 
 
• As the length to diameter ratio of the straight-bore orifice is increased, it gradually 
tends in an unpredictable transition towards a quasi-constant discharge coefficient of 
~0.85 at a length to diameter ratio of 1.9, as displayed on Fig. 2.20 where data taken 
from the experiments performed flowing one gas composition at one temperature 
through plates with the same bore diameter but increasing length is shown: 
 
 
 
Fig. 2.20 – CD against the dimensionless pressure drop for straight-bore orifices, complemented by 
polynomial fits. . Reprinted with permission from Kayser and Shambaugh, 1991. 
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• From the data obtained performing experiments on 3 plates with different straight-
bore diameters and same thickness using multiple gas compositions at different 
temperatures (Kayser and Shambaugh. 1991) concluded that the CD profile is basically 
not affected by temperature changes, the mentioned data is displayed in fig. 2.21 where 
CD has been plotted against the pressure differential ratio Pups/Pdwn, they concluded 
from this image that the discharge coefficient basically stays constant for length to 
diameter ratios above 1.0. 
 
 
 
Fig. 2.21 – CD against the pressure drop ratio Pups/Pdwn, highlighting the flattening of CD at 0.85. 
Reprinted with permission from Kayser and Shambaugh, 1991. 
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• Finally, they also concluded that the relationship between change in gas composition and 
the discharge coefficient is fairly weak, this conclusion can be observed in fig. 2.22, where 
data from the experiments performed on a single plate flowing different gas compositions 
at the same temperature is displayed: 
 
 
 
Fig. 2.22 – CD against the pressure drop ratio Pups/Pdwn. Reprinted with permission from Kayser and 
Shambaugh, 1991. 
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The experiment performed by (Kayser and Shambaugh. 1991) gives us a solid base to 
characterize the discharge coefficient behavior under different geometries and flow 
conditions; as they state, their results allow to confidently apply the calibration of a small 
orifice performed with one gas to other gases not mattering variations in temperatures. It 
is also important to note that for straight-bore orifices, they demonstrated that for the range 
applicable to gases and temperatures used in their study the discharge coefficient remains 
almost constant in subsonic and sonic flow when larger length to diameter ratios are 
designed for the orifices. 
 
2.9 Fluid Gradients Calculation 
 
When analyzing bottom hole pressure data it is very important to be familiar to fluid 
gradients theory, in order to take advantage of the information that can be obtained from 
the different fluids present in a well; there exist two different types of gradients, depending 
on the flowing conditions of the well; when the well is flowing, pressure metering at 
different depths will result in a flowing gradient. If by the contrary the well is shut in, and 
enough time has passed allowing for the pressure to stabilize, pressure metering at 
different depths will result in a static gradient (Onyekonwu. 1997). 
 
For a two point metering survey where only exists one fluid, like in fig. 2.23, to calculate 
the fluid gradient between the two points metered we use the following expression: 
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Fig. 2.23 – Diagram of a closed well with a pressure survey at 2 stops. 
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gradient survey at least 2 stops have to be performed in each phase as the gauge travels 
across the well total depth (fig. 2.24), this will allow for each fluid gradient to be calculated 
and extrapolated, using a graphical methodology like the one in fig. 2.24 each depth where 
the gradients extrapolation cross is determined to be the depth of the fluids contacts. If the 
fluids are well characterized beforehand and their fluid gradients are already known, one 
pressure point should be enough to use as reference point to estimate the fluids contact 
depth. 
 
 
 
Fig. 2.24 – Gradients and Fluid contacts estimation based on a pressure survey with two stops on each 
fluid in a gas/oil/water well. 
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There are some cases when a survey cannot be run all the way to the bottom of a well, if 
the pressure needs to be obtained at a depth outside of the survey range, it can be 
extrapolated using a mathematical correlation as long as pressure data is available for 
another depth inside the same fluid interval and that fluid gradient is also known 
(Onyekonwu. 1997), if extrapolating bellow the known pressure data acquired depth: 
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If extrapolating above the known pressure data acquired depth: 
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Pressure surveys performed in an open-hole well were direct connection to the reservoir 
is available are an excellent source of pressure data for reservoir datum pressure 
monitoring (Onyekonwu. 1997), the usual procedure consist on transporting the pressure 
measured at the gauge depth inside a well to the reservoir datum depth using the equation 
2.16 or 2.17 depending on the relative position of the datum depth to the measured pressure 
depth. With the previous statements in mind, it becomes relevant that knowing the actual 
vertical position of the measurements is of primordial importance, since any variation in 
depth will affect the fluid gradients and directly change the pressure data extrapolated 
(Onyekonwu. 1997). 
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3. PROPOSED METHODOLOGY 
 
3.1 Current Background, Limitations, Problem Analysis and General Assumptions 
 
The oil industry has gradually evolved to an integral philosophy that aims not only to find 
and produce hydrocarbons for a revenue, but to do so in a way that optimizes the resources 
required to accomplish such goal, while securing the safety of the people developing these 
projects, and making an effort to minimize the environmental damage, applying 
multidisciplinary approaches to solve the increasingly complex problems that current 
hydrocarbon reservoirs imply. 
 
A core pillar of such philosophy is the continuous field monitoring, a very wide term that 
usually spans, but is not limited to, from the hydrocarbon reservoir to the end of the line 
of the production transport tubing at the surface that gathers the field production and 
transports it either outside of the field or to a collecting vessel to be stored and transferred 
or processed later. 
 
A field monitoring philosophy has multiple advantages, including the reduction of 
uncertainties and risks that have to be continuously evaluated and included into the 
equation before any action regarding the operation or development of a field can be taken. 
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A very specific component of the field monitoring practice is the surveillance of the 
movement of the gas-oil contact depth inside a producing or monitoring well through time; 
knowing the position of the gas-oil contact allows the reservoir and production engineers 
to have a better understanding of the fluid dynamics governing the interaction between the 
“near well reservoir rock” and the well completion installed; the engineers can apply this 
knowledge to estimate a well productive life expectancy, to monitor the thinning of the oil 
rim during the exploitation of the reservoir, or to use the data as a reference point when 
designing a future well completion in the same production area, among other uses;  this 
knowledge can also help reservoir and simulation engineers to improve the 
characterization of the reservoir behavior under specific conditions, and design future field 
development and operating plans to optimize the exploitation of the reservoir. 
 
 
 
Fig. 3.1 – A) Open-hole completion B) Cemented and perforated completion. 
 
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The surveillance methodology selected to monitor the fluid level inside a producing well 
depends on the type of well completion, some of the most common well completion types 
that allow a fluids monitoring are depicted in fig. 3.1; Wells in a Naturally Fractured 
Reservoir that already have developed a gas cap have shown improved performance when 
completed using an Intelligent well completion design known as “Instrumented deep 
tubing tail completion” (Ladron De Guevara et al. 2012)  as shown in the previous chapter, 
for wells with this type of well completion, surveillance of the fluid level is generally 
performed installing permanent pressure sensors outside of the production tubing 
completion, hence the name instrumented deep tubing tail completion; the data gathered 
through the permanent sensors can then be used to calculate the position of the fluids 
contacts inside the well at any given time where data was taken. The IDTTC requires 
candidate wells to have specific characteristics detailed in the previous chapter, when such 
wells does not meet the required characteristics other monitoring technologies or 
methodologies must be implemented. For the case of non-candidate wells for IDTTC 
implementation because of small hole diameter restrictions (Fig. 2.8), one approach to 
provide such wells with a fluids monitoring methodology is presented by Lagunas Tapia 
et al. (2015) explained in detail in the previous chapter, their methodology relies in the 
manufacturing of small diameter orifices though the tubing tail length to allow a small 
amount of gas to enter the non-instrumented tubing tail through each orifice in contact to 
the gas cap, in this way evidence of gas inlet gives an estimate of the gas-oil contact depth. 
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The main limitation for the methodology presented by (Lagunas Tapia et al. 2015) is the 
low resolution that their method can achieve without risking to allow too much gas to be 
produced, this limitation provides an area of opportunity for their approach to the DGOC 
monitoring requirements on well with small hole diameters to be improved or substituted 
with one that is more efficient and provides better resolution.  
 
3.2 Proposed Methodology, Details and Considerations 
 
The work presented in this thesis takes as starting point the methodology presented for 
monitoring fluid contacts in wells with reduced hole diameter and/or economically 
restricted resources by (Lagunas Tapia et al. 2015) and modifies it to develop a 
mathematical correlation, making use of pressure data, liquid rates and gas rates data 
collected primarily inside the production tubing; Generating as a result a simpler and more 
efficient way of estimating the DGOC, reducing the number of orifices required in the 
tubing tail to estimate the position of the fluids contact to just one or two, and thus reducing 
the gas required to enter the tubing tail, but increasing the resolution of the estimate, 
allowing for a specific depth point inside the well to be calculated for the position of the 
DGOC. 
 
The proposed methodology will allow for candidate wells to have a fluid contact 
monitoring system, when otherwise would have to settle for a non-instrumented well 
completion, where monitoring of the fluids contacts movement could not be achieved. 
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To achieve the previous objectives, we aim to make use of compressible flow though 
orifices correlations, but before that, the first step is to clearly detail the configuration of 
a candidate well, the required data to perform the well DGOC monitoring, and the 
limitations it exhibits under current, not improved well completion configurations. 
 
 
  
Fig. 3.2 – Reduced diameter borehole producing well with tubing tail completion, isolated from the gas 
cap. 
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Well completions like the one displayed in fig. 3.2 generally are implemented in naturally 
fracture reservoirs with presence of a gas cap, GOC and DGOC monitoring is a relevant 
activity for reservoir and production engineer working with this type of completions; due 
to the lack of space, or other restrictive parameters, it is not possible to install permanent 
pressure and temperature gauges at the exterior of the tubing tail like in the IDTTC 
(Ladron De Guevara et al. 2012; Tovar Rodriguez et al. 2011); the type of completion 
displayed in fig. 3.2 does not allow to monitor the position of the fluid contacts since any 
metering done inside the tubing will only result in parameters related to the liquid phase, 
which alone do not provide enough information to estimate the position of the fluid 
contacts, even when the well is shut in, the nature of this completion will result in a liquids 
level inside the tubing different to the fluids level at the fracture network in reservoir with 
normal pressure distributions. For the fluids contact position to be defined, the liquids data 
has to be complemented with pressure data from the gas phase, as explained by 
(Onyekonwu. 1997) and further developed in the previous chapter. In a well where 
pressure gauges can be implemented outside the tubing tail covering all fluids of interest 
(gas/oil/water) the graphic process to calculate the fluids contact follows the next steps: 
 
• Pressure gauges vertical depth position and fluids gradients are known parameters or 
can be easily obtained. 
• A graph displaying pressure versus depth is generated. 
• In the generated graph we proceed to plot the pressure measurements obtained by the 
pressure gauges at their corresponding depths. 
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• If there exist full certainty of the position of a given or multiple gauges inside a specific 
fluid, the gradient of such fluid is plotted and extrapolated crossing the measured 
pressures of those respective gauges. If there exists uncertainty of the fluid around a 
given gauge, a gradient can be computed between that gauge and the next one in order 
to identify the fluid, if the gradient does not correspond to neither fluid (in this case 
usually the gradient calculated value will be lighter than one of the fluids gradient but 
heavier than the other) this mean that the fluids contact must be residing between those 
gauges and the next gauge to the opposite direction should be used to calculate the 
gradient. 
• Once the gradients have been extrapolated, the depths where the gradients cross will 
be the depth where the fluid contacts reside at the time of the pressure measurements. 
An example of such diagram can be seen in fig. 3.3. 
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Fig. 3.3 – IDTTC schematics and gradients plot example generated from pressure gauges data. 
 
 
Such calculation of the fluid contacts position can also be achieved applying eq. 2.16 and 
2.17. 
 
3.3 Development of the Theory Background for the Proposed Methodology to Estimate 
the DGOC Position 
 
Fig. 3.4 displays a reduced diameter borehole producing well with a non-instrumented 
tubing tail completion, isolated from the gas cap, the minimum required data to calculate 
the fluids contact position is pressure data at the oil and at the gas taken at the same time, 
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their respective measurement depths and the fluid gradients; from fig. 3.4 we can see that 
the pressure measurement at the gas cap is not available: 
 
 
 
Fig. 3.4 – DTTC schematics an gradient plot displaying uncertainty on the DGOC position. 
 
 
If all the required data was available, the position of the DGOC could be calculated 
deriving the position from equations 2.16 and 2.17; since the two equations represent a 
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where the gradients cross and calculate such value; based on the diagram from fig. 3.4 the 
corresponding DGOC depth derivation is as follows: 
 
Parting from position “1”: 
 
[]
; & ; | -~w^ a Jxd; + xd;O1)))))))))))))))))))))))))3.1 
 
Now parting from position “2”: 
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Equaling both equations when the pressure is the same for both gradients: 
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Leaving the Depth of the DGOC at the L.H.S. of the equation: 
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The previous equation is the expression that will allow us to calculate the depth of the 
DGOC, as long as P1, P2, Depth1, Depth2, Gradgas and Gradoil are known; in order to be 
able to use this equation, we have to find a way to obtain the pressure value at the gas cap, 
for this purpose we propose to manufacture a small orifice in the tubing tail in direct 
contact to the gas cap, letting a small volume of gas to enter the tubing tail and flow to the 
surface along the oil production coming from the production slots or the open bottom of 
the tubing. Such modification is performed in order to allow for a tool installed inside the 
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production tubing to perform measurements in front of the orifice manufactured and 
correlate the data gathered to the conditions in the annular space, where the data is required 
to perform the DGOC calculation. A schematic of such completion is displayed in fig. 3.5: 
 
 
 
Fig. 3.5 – Schematics of a DTTC with the inclusion of a manufactured small diameter orifice at the gas 
cap level. 
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From the literature review we obtain the following general expression for the compressible 
flow through round orifices (Szilas. 1985a): 
 
 & √? @A 	
,  B7C7C D ;EB0 99F; G23456'7 8/< + 23456'7 8<H0< I))))))))))))))))))))))))))))))3.11 
 
Using field units, the expression takes the form: 
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One important characteristic of this correlation is that the gas rate will be independent 
from the conditions downstream (on the inside of the production tubing) at sonic flow 
(Szilas. 1985a; Economides et al. 2012; Kayser and Shambaugh. 1991), is a required 
condition for the present thesis proposal that the gas must pass through the orifice under 
subsonic flow conditions for the changes in the measured pressure downstream to be 
correlated to the pressure upstream the orifice (the annular space between the tubing tail 
and the open hole wellbore). 
 
To ensure that the flow is subsonic, we can perform a two steps procedure; first we 
calculate the critical pressure ratio for the gas flowing through the orifice, usually the gas 
cap gas will be well characterized and properties like the heat capacity ratio are known so 
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this step should not represent any problem, the critical pressure ratio is obtained from the 
following equation: 
 
2.345.6'7 8	 & - ,9:;1
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Once we have the value for the critical pressure ratio, using the measured pressure 
downstream inside the production tubing, we calculate the minimum required pressure 
upstream (critical pressure) for the flow to be sonic: 
 
	 & .3452l345l6'7 8C))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))3.14 
 
If the required pressure upstream (critical pressure) for the flow to be sonic given the 
measured pressure downstream is smaller than the average reservoir static pressure PWS 
then there exists the possibility that the flow is sonic, and such data should not be used, 
but in the contrary, if the required pressure upstream (critical pressure) for the flow to be 
sonic given the measured pressure downstream is bigger than the average reservoir static 
pressure PWS then it is not possible for the flow to be sonic, that means that the current gas 
flow through the orifice is happening under subsonic flow, and the methodology given in 
this thesis is applicable. 
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Example.- Let’s assume that the heat capacity ratio for the gas flowing through the choke 
has a value of 1.28, a wireline tool measured a data point of 750 psi at the outlet of the 
orifice inside the tubing tail, and the reservoir has a recent acquired data of Pws=1000 psi, 
then: 
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Obtaining Pcrit from the data calculated: 
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Comparing the minimum required pressure upstream (critical pressure) for the flow to be 
sonic against the current reservoir static pressure: 
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We can conclude from this that it would be required a pressure greater than that of the 
reservoir in order for the flow to achieve sonic conditions, those conditions are just not 
possible, since the pressure at any point referenced to the reservoir datum pressure cannot 
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be greater that Pws under normal circumstances (being really close to an injector well could 
in theory void the previous assumption, additional precautions should be taken given such 
scenario). 
 
Once it has been concluded that the flow is subsonic, we can confidently make use of 
equation 3.12. 
 
The previous expression has a polynomial form, for this reason it will not be directly 
solvable for the pressure upstream and an iterative method will prove effective regarding 
this matter; before trying to solve the polynomial expression we isolate the required known 
parameters in one side of the equation and leave the pressure terms in the other side of the 
equation: 
SJLOi/ Q 0Sk &  .6'7.7C D 99F; G23456'7 8
/< + 23456'7 8<H0< I))))))))))))))))))))))))))))))))))))))3.19 

For practical purposes we will introduce the dimensionless rate term from equation 3.19: 
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The R.H.S. of equation 3.19 is dimensionless since the heat capacity ratio, the discharge 
coefficient and the pressure differential ratio present in that side are dimensionless; this 
expression gives us the capacity to generate multiple type-curves for a graphic 
methodology to obtain the DGOC position, which will be developed in the next section. 
Dissecting equation 3.19 for the required elements to be computed, the list goes as follows: 
 
• Qg – Known variable, the gas rate flowing through the orifice is measured along the 
pressure downstream inside the tubing tail at the gas orifice depth. 
• d64 – Known variable, the diameter of the orifice where the gas is flowing through, 
expressed in 64ths of an inch (this means that 16/64 of an inch is expressed just as 16) 
•  – Known variable, gravity of the gas (relative to air), usually around 0.70~0.65. 
• r – Known variable, temperature upstream of the flow, since the system in the 
reservoir is usually under relative thermal equilibrium, it is acceptable to use the 
reservoir temperature. 
•  – The orifice discharge coefficient will depend on the geometry of the orifice, 
details about the geometries are given in the previous chapter, depending on one or 
another geometry the discharge coefficient for compressible flow through small 
orifices will have a constant value or will be represented by a correlation dependent of 
the pressure differential across the orifice. 
• Psc – Known variable, is the pressure magnitude at standard conditions. 
•  – Known variable, is the heat capacity ratio of the gas flowing through the choke. 
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• Pdwn – Known variable, the pressure downstream is measured along the gas rate 
flowing through the orifice inside the tubing tail at the gas orifice depth. 
• Pups – Unknown variable, the pressure upstream (at the gas in the annular space of the 
well completion) is the wanted variable. 
 
We will provide two different equations to obtain the pressure magnitude upstream of the 
gas flow orifice, the orifices should be small enough that the gas volume flowing through 
them does not affect negatively the productivity of the well, for this purpose orifice 
geometries with diameters ranging from 6/64” to 14/64” are recommended; the decision 
of the orifice diameter size and geometry should be made taking into account the 
maximum amount of gas volume that can be produced without affecting negatively the 
productivity of the well, it should also be taken into account the ability and precision of 
the tools selected to measure pressure and gas rates, if the accuracy and resolution of the 
tools is not good enough, more gas would be required to enter the well, if the tools excel 
at accuracy and resolution, less amount of gas is required to enter the well and smaller 
diameters can be chosen; the following equations are proposed depending on the chosen 
orifice geometry: 
 
Straight-bore orifice.- When the orifice has a straight-bore geometry, the discharge 
coefficient CD for compressible flow through small orifices tends to maintain a constant 
value of around 0.85 for subsonic and sonic flow in orifices with length-to-diameter ratios 
of 1.9 or higher (Kayser and Shambaugh. 1991; Szilas. 1985a; Economides et al. 2012), 
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the following formula will leave open the decision of which value to assign to the 
discharge coefficient used since some manufacturers tend to provide their own discharge 
coefficient values; when constant discharge coefficients are to be used, sometimes is 
useful to calibrate said discharge coefficient prior to its implementation, in order to reduce 
the risk of accuracy errors: 
 
 &  .6'7.7C D 99F; G23456'7 8/< + 23456'7 8<H0< I))))))))))))))))))))))))))))))))))))))))))))))))3.21 
 
This expression is the first of two equations presented in this thesis for the calculation of 
the pressure at the annular space between the tubing tail and the wellbore at the gas level. 
 
Sharp-edge orifice.- When the orifice has a sharp-edge geometry, the discharge coefficient 
CD for compressible flow through small round orifices tends to follow a behavior governed 
by the expression presented in (Kayser and Shambaugh. 1991; Szilas. 1985a; Economides 
et al. 2012) work which is only dependent of the pressure differential across the orifice, 
independent of the orifice diameter, flow temperature or gas composition: 
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Where: 
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	 is in function of and is defined as the minimum pressure required upstream 
given a specific pressure downstream for the sonic flow through the orifice to manifest; 
the physical interpretation for the dimensionless pressure drop ** is that it defines the 
flow condition of the gas passing through the orifice, for ** values below 1.0 the flow 
will be subsonic, when ** achieves values greater that unity, the flow will be considered 
sonic. 	 should be calculated for every  in order to be in accordance with the 
previous statement, and requires the knowledge of the critical pressure ratio of the gas 
flowing through the orifice, the expression to calculate 	 is: 
 
	 & .3452l345l6'7 8C ----------------------------------------------------------------------------------- 3.24 
 
Now replacing the discharge coefficient correlation for compressible flow through small 
sharp-edge orifices in equation 3.21: 
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The last expression is the second of two equations presented in this thesis for the 
calculation of the pressure at the annular space between the tubing tail and the wellbore at 
the gas level. 
 
Since expressions 3.21 and 3.25 are of the polynomial type, they require an iterative 
process to be solved and obtain a value for Pups, we recommend either to use a solver 
software like the ones included in Microsoft excel, or programing one using Matlab or any 
other programing software suitable. 
 
Now that we have stablished a reliable method to acquire pressure data at the gas zone in 
the annular space of the well completion through data measured at the same level inside 
the production tubing, all the variables required in the implementation of equation 3.10 to 
define the position of the DGOC have been acquired and the calculation can take place, 
for: 
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The theory explained in this section is the base for the methodologies proposed in this 
thesis, consisting of a numerical approach to the problem, and a graphical, type-curve 
approach, the next sections will present a structured approach to each methodology.  
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Previous arrangements have to be performed before applying any of the methodologies 
proposed here, the minimum key elements that should be covered prior to calculate the 
DGOC position in a candidate well for the present methodologies are: 
 
• Design and installation of the well completion finished, including the length of the 
tubing tail with an open bottom or any other oil flow design like production slots that 
allow for the pressure at the oil phase in the wellbore to be calculated, and the gas 
orifice manufactured as part of the tubing or as an attachable component, we have 
selected an open bottom tubing tail since it allows for the most direct readings of 
pressure directly to the oil in the wellbore, but other configurations are also applicable 
as long as the pressure calculations are taken into account. 
• The surface equipment and the well configuration must allow for surface-run tools like 
wireline tools or C.T. tools to be run inside the well in order to take pressure and rate 
measurements at the gas orifice depth and at the oil phase, if possible at the bottom of 
the tubing tail. 
 
3.4 Proposed Methodology: A Numerical Approach  
 
If the user has the tools to develop a mathematical tool like a spreadsheet or a program 
software like a Matlab script, the numerical approach is recommended over the graphical 
approach since it will give a better accuracy to the estimation of the DGOC position. The 
numerical approach goes as follows: 
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1) Data gathering.- first of all pressure and rates data has to be gathered inside the tubing, 
either by temporary tool or permanent tools, like wireline tools or hanging gauges. 
Data should be collected under steady-state flow conditions at both the orifice depth 
and at the oil phase at same flowing conditions, this will ensure that the fluid contacts 
are stable and their position calculation will be valid. 
2) Gas flow validation.- for the methodology to be valid, gas flow through the gas orifice 
must exists under subsonic flow, if the orifice is currently below the DGOC, or the 
pressure differential ratio is below the critical pressure ratio, gas flow through the 
orifice under subsonic flow won’t happen. Using equations 3.13 and 3.14 allows us to 
define such conditions comparing the critical pressure to Pws. 
 
2.345.6'7 8	 & - ,9:;1
<<=0    	 & .3452l345l6'7 8C    	   yw	  
 
If risk of sonic flow exists, then the next steps are not applicable to the current conditions 
and this methodology cannot be performed to estimate the DGOC position. 
 
3) Dimensionless gas rate calculation.- If subsonic gas flow through the orifice is 
confirmed, we proceed to obtain the Dimensionless gas rate using expression 3.20: 
 
 & SJLOi/ Q 0Sk
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4) Gas upstream pressure calculation.- Once the dimensionless gas rate has been 
calculated we proceed to select the adequate compressible flow through small diameter 
orifices polynomial expression and solve for the pressure upstream of the gas orifice 
“Pups” using iterative methods for solving polynomial equations; the corresponding 
equations are 3.21 and 3.25: 
 
Straight-bore orifice 
 
 &  .6'7.7C D 99F; G23456'7 8/< + 23456'7 8<H0< I 
 
Sharp-edge orifice 
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5) DGOC calculation.- Finally, with the pressure upstream of the gas orifice “Pups” 
obtained and the data gathered at the oil phase, we proceed to use equation 3.10: 
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^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]u
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Following steps 1 to 5 will allow us to estimate the position of the DGOC under the 
previously mentioned conditions, if a continuous monitoring was performed where 
multiple pressure data points and rates were measured over a period of time under steady-
state flow, steps 3 to 5 can be programed to be repeated on the whole data set in order to 
generate a plot of the dynamic gas-oil contact depth position over a period of time like fig. 
2.1 and fig. 2.7. 
 
3.5 Proposed Methodology: A Type-curve Approach 
 
If the user doesn’t have the tools to develop a mathematical tool like a spreadsheet or a 
program software like a Matlab script, the graphical approach is recommended over the 
numerical approach since it does not require the use of iterative methods for the solution 
of polynomial equations and the required calculations to estimate the DGOC position are 
easily performed using a regular calculator. The graphical approach goes as follows: 
 
1) Data gathering.- first of all pressure and rates data has to be gathered inside the tubing, 
either by temporary tool or permanent tools, like wireline tools or hanging gauges. 
Data should be collected under steady-state flow conditions at both the orifice depth 
and at the oil phase at same flowing conditions, this will ensure that the fluid contacts 
are stable and their position calculation will be valid. 
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2) Gas flow validation.- for the methodology to be valid, gas flow through the gas orifice 
must exists under subsonic flow, if the orifice is currently below the DGOC, or the 
pressure differential ratio is below the critical pressure ratio, gas flow through the 
orifice under subsonic flow won’t happen. Using equations 3.13 and 3.14 allows us to 
define such conditions comparing the critical pressure to Pws. 
 
2.345.6'7 8	 & - ,9:;1
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If risk of sonic flow exists, then the next steps are not applicable to the current conditions 
and this methodology cannot be performed to estimate the DGOC position. 
 
3) Dimensionless gas rate calculation.- If subsonic gas flow through the orifice is 
confirmed, we proceed to obtain the Dimensionless gas rate using expression 3.20: 
 
 & SJLOi/ Q 0Sk
 
4) Dimensionless type-curve reading.- Once the dimensionless gas rate has been 
calculated we proceed to select the adequate type-curve from the curve family 
presented in the results chapter of this thesis, depending on the geometry of the orifice, 
pressure downstream of the orifice, heat capacity ratio of the gas and the dimensionless 
gas rate; the type-curves are generated based on the compressible flow through small 
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diameter orifices polynomial expressions presented in previous chapters for straight-
bore orifices and sharp-edge orifices; examples of such type-curves are given below: 
 
If dimensionless type-curve for straight-bore orifices are selected, a similar plot to the one 
in fig. 3.6 will be used: 
 
 
 
Fig. 3.6 – Dimensionless gas rate vs pressure differential ratio for straight-bore orifices example. 
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The way to read the dimensionless type-curves presented here for straight-bore orifices 
consist on entering from the horizontal axis with the previously calculated dimensionless 
gas rate value divided by the corresponding discharge coefficient (QgD/CD), intersect the 
corresponding isobaric curve that best represents the pressure measured downstream of 
the gas orifice, and finally read the corresponding value on the vertical axis for the pressure 
differential ratio (Pdwn/Pups). 
 
If dimensionless type-curve for sharp-edge orifices are selected, a similar plot to the one 
in fig. 3.7 will be used: 
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Fig. 3.7 – Dimensionless gas rate vs pressure differential ratio for sharp-edge orifices example. 
 
 
The way to read the dimensionless type-curves presented here for sharp-edge orifices 
consist on entering from the horizontal axis with the previously calculated dimensionless 
gas rate value (QgD), intersect the corresponding isobaric curve that best represents the 
pressure measured downstream of the gas orifice, and finally read the corresponding value 
on the vertical axis for the pressure differential ratio (Pdwn/Pups). 
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5) Gas upstream pressure calculation from type-curve read data.- Once the pressure 
differential ratio (Pdwn/Pups) has been graphically obtained, we calculate the pressure 
upstream of the gas orifice using the following expression: 
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6) DGOC calculation.- Finally, with the pressure upstream of the gas orifice “Pups” 
obtained and the data gathered at the oil phase, we proceed to use equation 3.10: 
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Following steps 1 to 6 will allow us to estimate the position of the DGOC under the 
previously mentioned conditions, if a continuous monitoring was performed where 
multiple pressure data points and rates were measured over a period of time under steady-
state flow, steps 3 to 6 can be applied to the whole data set in order to generate a plot of 
the dynamic gas-oil contact depth position over a period of time, but such procedure will 
be slow and tedious, it is then recommended to make use of the numerical approach for 
cases where a large amount of data is going to be processed. 
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4. RESULTS 
 
4.1 Equations, Methodologies and Type-curves Developed 
 
From the work developed in this thesis, a dimensionless gas rate term is being 
implemented for gas flow through a small diameter orifice: 
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Taking advantage of the dimensionless gas rate, 2 dimensionless equations have been 
developed in order to calculate the pressure upstream of a small diameter orifice based on 
compressible gas flow theory; depending on the geometry of the orifice the final form of 
the expressions mentioned are: 
 
For orifices with straight-bore geometries: 
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For orifices with sharp-edge geometries: 
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The upstream pressure data calculated using any of the previous two equations can be used 
to estimate the position of fluid contacts inside a well at the moment of the measurement 
of well parameters; parting from the aforementioned equations 2 main methodologies to 
estimate the DGOC for wells in naturally fractured reservoirs have been developed; the 
numerical methodology main points are: 
 
1) Data gathering. 
2) Gas flow validation. 
3) Dimensionless gas rate calculation. 
4) Gas upstream pressure calculation though mathematical correlations. 
5) DGOC calculation. 
 
The type-curve methodology main points are: 
 
1) Data gathering. 
2) Gas flow validation. 
3) Dimensionless gas rate calculation. 
4) Dimensionless type-curve reading. 
5) Gas upstream pressure calculation from type-curve read data. 
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6) DGOC calculation. 
 
The details for each of the steps are explained in their corresponding proposed 
methodology sub-sections.  
 
For the type-curve methodology a series of dimensionless curve families have been 
constructed, aiming to cover a wide range of conditions, if the reader requires type-curves 
for conditions outside of those presented here, they can always be built using any computer 
programing software and equations 3.21 and 3.25; the curve families are grouped 
according to orifice geometry and heat capacity ratio, figures 4.1 to 4.12 conform the 
straight-bore orifice geometry dimensionless curves family, figures 4.13 to 4.24 conform 
the sharp-edge orifice geometry dimensionless curves family: 
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Fig. 4.1 – Dimensionless gas rate vs pressure differential ratio. k = 1.25, Pdwn: 500-1000 psi, straight-bore 
orifice. 
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Fig. 4.2 – Dimensionless gas rate vs pressure differential ratio. k = 1.25, Pdwn: 1000-1500 psi, straight-
bore orifice. 
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Fig. 4.3 – Dimensionless gas rate vs pressure differential ratio. k = 1.25, Pdwn: 1500-2000 psi, straight-
bore orifice. 
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Fig. 4.4 – Dimensionless gas rate vs pressure differential ratio. k = 1.28, Pdwn: 500-1000 psi, straight-bore 
orifice.  
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Fig. 4.5 – Dimensionless gas rate vs pressure differential ratio. k = 1.28, Pdwn: 1000-1500 psi, straight-
bore orifice. 
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Fig. 4.6 – Dimensionless gas rate vs pressure differential ratio. k = 1.28, Pdwn: 1500-2000 psi, straight-
bore orifice. 
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Fig. 4.7 – Dimensionless gas rate vs pressure differential ratio. k = 1.30, Pdwn: 500-1000 psi, straight-bore 
orifice. 
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Fig. 4.8 – Dimensionless gas rate vs pressure differential ratio. k = 1.30, Pdwn: 1000-1500 psi, straight-
bore orifice. 
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Fig. 4.9 – Dimensionless gas rate vs pressure differential ratio. k = 1.30, Pdwn: 1500-2000 psi, straight-
bore orifice. 
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Fig. 4.10 – Dimensionless gas rate vs pressure differential ratio. k = 1.40, Pdwn: 500-1000 psi, straight-
bore orifice. 
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Fig. 4.11 – Dimensionless gas rate vs pressure differential ratio. k = 1.40, Pdwn: 1000-1500 psi, straight-
bore orifice. 
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Fig. 4.12 – Dimensionless gas rate vs pressure differential ratio. k = 1.40, Pdwn: 1500-2000 psi, straight-
bore orifice. 
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Fig. 4.13 – Dimensionless gas rate vs pressure differential ratio. k = 1.25, Pdwn: 500-1000 psi, sharp-edge 
orifice. 
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Fig. 4.14 – Dimensionless gas rate vs pressure differential ratio. k = 1.25, Pdwn: 1000-1500 psi, sharp-
edge orifice. 
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Fig. 4.15 – Dimensionless gas rate vs pressure differential ratio. k = 1.25, Pdwn: 1500-2000 psi, sharp-
edge orifice. 
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Fig. 4.16 – Dimensionless gas rate vs pressure differential ratio. k = 1.28, Pdwn: 500-1000 psi, sharp-edge 
orifice. 
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Fig. 4.17 – Dimensionless gas rate vs pressure differential ratio. k = 1.28, Pdwn: 1000-1500 psi, sharp-
edge orifice. 
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Fig. 4.18 – Dimensionless gas rate vs pressure differential ratio. k = 1.28, Pdwn: 1500-2000 psi, sharp-
edge orifice. 
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Fig. 4.19 – Dimensionless gas rate vs pressure differential ratio. k = 1.30, Pdwn: 500-1000 psi, sharp-edge 
orifice. 
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Fig. 4.20 – Dimensionless gas rate vs pressure differential ratio. k = 1.30, Pdwn: 1000-1500 psi, sharp-
edge orifice. 
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Fig. 4.21 – Dimensionless gas rate vs pressure differential ratio. k = 1.30, Pdwn: 1500-2000 psi, sharp-
edge orifice. 
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Fig. 4.22 – Dimensionless gas rate vs pressure differential ratio. k = 1.40, Pdwn: 500-1000 psi, sharp-edge 
orifice. 
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Fig. 4.23 – Dimensionless gas rate vs pressure differential ratio. k = 1.40, Pdwn: 1000-1500 psi, sharp-
edge orifice. 
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Fig. 4.24 – Dimensionless gas rate vs pressure differential ratio. k = 1.40, Pdwn: 1500-2000 psi, sharp-
edge orifice. 
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4.2 Methodology Implementation Example 
 
A hypothetical scenario has been developed in order to exemplify the application of the 
proposed methodologies; for a well in a naturally fractured reservoir with a deep tubing 
tail completion hosting a small diameter orifice with a sharp-edge geometry connecting 
the gas cap with the interior of the tubing tail; the schematics and details are shown in fig. 
4.25: 
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Fig. 4.25 – Example well data and schematics. 
 
 
Table 4.1 presents the results of a 2 stops survey performed to the well under pseudo 
steady-state flow: 
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Table 4.1 – Example well data and schematics. 
 
 
The last reservoir static pressure datum, transported to the depth of the gas orifice, was 
measured two weeks prior, resulting in a value of Pws= 876.4 psi, temperature at orifice 
depth is r & ML? u , the heat capacity ratio for the gas flowing through the choke 
is & {L? , the gravity of the gas (to air) is  & NL} , the gradient of the oil in the 
reservoir is ~wu & NLK} d!v  ⁄  , and the gradient of the gas in the reservoir is ~w^ & NLNKM d!v  ⁄  , you are required to estimate the position of the dynamic 
gas-oil contact under current flow conditions. 
 
Solution A. - Following the steps in the numerical methodology: 
 
1) First step has already been finished, consisting in gathering the required data. 
2) We have to establish sub-sonic flow conditions, for the fluid properties given, we make 
use of the corresponding equations: 
 
2.345.6'7 8	 & - ,9:;1
<<=0 & - ,;L,:;1 0L/0L/=0 & NLM)))))))))))))))))))))))))))))))))))))))))))))))4.4
 
Stop #1 Stop #2
TVD (ft) 6000 6300
Pressure (psi) 779.00 882.90
Qg (MSCF/d) 170.1 ----
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Obtaining Pcrit from the data calculated: 
 
	 & .3452l345l6'7 8C & LA & {{Ld!v)))))))))))))))))))))))))))))))))))))))))))))))))))))) 4.5
 
Comparing the minimum required pressure upstream (critical pressure) for the flow to be 
sonic against the current reservoir static pressure: 
 
	    
 
{{Ld!v  ¡}Ld!v  
 
We can conclude from this that it would be required a pressure greater than that of the 
reservoir in order for the flow to achieve sonic conditions, this means that the gas is 
flowing through the orifice at sub-sonic velocity and we can proceed to the next steps. 
 
3) Now we calculate the dimensionless gas rate: 
 & SJLOi/ Q 0Sk & ;L;JE¢£¤OJLOJ;O/Q 0J¥L¦Oas§¦¦Li/J ¨Ot & L¡¡)))))))))))))))))))))))))))) 4.6
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4) We can now make use of the dimensionless gas rate calculated and the polynomial 
expression proposed for sharp-edge orifices to obtain the upstream gas pressure “Pups” 
using iterative methods for solving polynomial equations: 
 
Sharp-edge orifice proposed expression: 
 
 & NL{?N a s.6'7F.345ta2l345l6'7 8C.345F.345a2l345l6'7 8C  | NL}?} .6'7.7C D 99F; G23456'7 8
/< + 23456'7 8<H0< I 4.7

 & ©NL{?N a © -ª«¬­FJO1aLAJOFJOaLA® | NL}?}® a ª«¬­;ALJO a
D ;L,;L,F; G2JO¬«¬­ 8 /0L/ + 2JO¬«¬­ 80L/H00L/ I )))))))))))))))))))))))))))))))))))))))))))))))))))))))) 4.8

An iterative method for solving polynomial equations using a programming software 
returned a Pups of: 
 
 & }L{d!v)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 4.9
 
5) Finally, with the pressure upstream of the gas orifice “Pups” obtained and the data 
gathered at the second survey stop in the oil phase , we proceed to calculate the DGOC 
depth: 
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; & , & u#,
xd & ./FJ^YXa]
/O:s^SV7a]
0tF.0^SV7F^YX ))))))))))))))))))))))))))))))))))4.10
xd &
,LJOFsLAPJ ⁄ OaPJOt:sLJ ⁄ OaPJOtFAPL;JOLJ ⁄ OFLAPJ ⁄ O )))))))))))))))))4.11
xd & }??NL¡ ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))4.12
 
The dynamic gas-oil contact for the current well conditions will be located at 6620.78 ft., 
since the producing section of the tubing tail is located at 6300 ft., there are still around 
~80 ft. between the DGOC and the producing section of the tubing tail. 
 
Solution B. - Following the steps in the type-curve methodology: 
 
We can use the information obtained up to step 3 from the numerical methodology to 
check the solution applying the type-curve methodology. 
 
4) We use fig. 4.26 containing the curves family for a sharp-edge orifice with a heat 
capacity ratio for the gas flowing through it equal to & {L?, and a curve close to 
 & ¡¡d!v ; using the calculated dimensionless gas rate  & L¡¡ :  
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Fig. 4.26 – Dimensionless gas rate vs pressure differential ratio plot selected to solve the example using 
the type-curve methodology. 
 
 
Reading the curves family in fig. 4.26 for a dimensionless gas rate of 9.877 will result in 
a pressure differential ratio of: 
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3456'7 &NL?K)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))4.13 
5) Once the pressure differential ratio (Pdwn/Pups) has been graphically obtained, we 
calculate the pressure upstream of the gas orifice using the following expression:  
 
 & .345=ZV76zZ32l345l6'7 8zZV3zW'Z=C6z(Z))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))4.14
 & JOL, & KLd!v))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))4.15
 
6) Finally, with the pressure upstream of the gas orifice “Pups” obtained and the data 
gathered at the second survey stop in the oil phase , we proceed to calculate the DGOC 
depth: 
 
; & , & u#,)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))4.16
xd & ./FJ^YXa]
/O:s^SV7a]
0tF.0^SV7F^YX )))))))))))))))))))))))))))))))))))4.17
xd &
,LJOFsLAPJ ⁄ OaPJOt:sLJ ⁄ OaPJOtFALJOLJ ⁄ OFLAPJ ⁄ O  ----------------- 4.18
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xd & }?{{L? ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))4.19
 
The dynamic gas-oil contact for the current well conditions will be located at 6611.28 ft., 
this value is ~9 ft. apart from the results applying the numerical methodology (6620.78 
ft.), we consider this to be acceptable due to the errors inherent to reading and estimating 
values from a plot. 
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5. SUMMARY AND CONCLUSIONS 
 
5.1 Summary and Conclusions  
 
In the present thesis work two alternate methodologies to the ones existing in available 
literature to estimate the DGOC in NFR wells with small diameter boreholes have been 
developed, along with such methodologies comes a series of dimensionless curves to 
facilitate the computation of the DGOC for cases where software to solve polynomial 
equations is not easily available. Examples for the implementation of the methodologies 
to calculate the DGOC have been provided as a support. 
 
In order to being able to use the methodologies presented here, a modification has to be 
implemented in the deep tubing tail completion design, such modification consists in 
manufacturing a small diameter orifice at the wall of the tubing tail, directly 
communicating the interior of the tubing tail with the gas cap, allowing for a small, 
controlled volume of gas to flow inside the production tubing. 
 
The orifice manufactured at the wall of the tubing tail should be small enough that the gas 
volume flowing through it does not affect negatively the productivity of the well, for this 
purpose orifice geometries with diameters ranging from 6/64” to 14/64” are 
recommended; the decision of the orifice diameter size and geometry should be made 
taking into account the maximum amount of gas volume that can be produced without 
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affecting negatively the productivity of the well (max GLR), it should also be taken into 
account the ability and precision of the tools selected to measure pressure and gas rates, if 
the accuracy and resolution of the tools is not good enough, more gas would be required 
to enter the well, if the tools excel at accuracy and resolution, less amount of gas is required 
to enter the well and smaller diameters can be chosen. 
 
The resulting position of the DGOC using the methodologies proposed should be taken 
under the assumption that they are the result of measurements taken under semi-steady 
state conditions, and although this conditions are stable, the multiphase flow given inside 
the production tubing will have a dynamic impact upon the data measurements performed 
making it prone to deviation errors, for this reason it is advisable to add as a safety measure 
a dynamic range interval to the position calculated. 
 
For the methodologies to be valid, the gas passing across the small diameter orifice 
manufactured at the tubing tail lateral wall must be doing so under sub-sonic flow 
conditions, when sonic flow conditions govern the flow behavior across the orifice the 
changes in pressure measured inside the tubing tail at the outlet of the orifice wont modify 
the pressure upstream and thus can’t be related to the conditions on the inlet side of the 
orifice. 
 
Additional requirements that a deep tubing tail completion has to meet in order to be a 
candidate for the methodologies presented here have been established regarding well 
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completion design, data metering tool characteristics and technical specifications and 
reservoir conditions, recommendations for use and implementation have also been 
detailed. 
 
The precision of the calculations presented here depend greatly in the quality and design 
of the small diameter orifice geometry, for this reason extra care should be taken at the 
time of manufacture. 
 
The actual vertical position of the measurements and key elements of the well completion 
like the vertical position of the gas inlet orifice and the oil production slots or the tubing 
open-bottom are of primordial importance, since any variation in depth will affect the fluid 
gradients used in the calculations and directly change the pressure data extrapolated for 
the determination of the DGOC position at the time of the measurements. 
 
Well flowing conditions should remain unchanged while performing the corresponding 
measurements at the gas inlet orifice and at the liquid phase since any change in the 
flowing conditions will modify the position of the DGOC and the measurements at 
different depths won’t be relatable. 
 
Pressure and rates measurements should be performed under steady-state flow, if such 
condition can’t be achieved the position of the DGOC will be erratic and the measurements 
performed will be useless. 
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Sharp-edge orifice geometries are recommended since they provide more advantages than 
the straight-bore geometry, it also gives a great correlation for the discharge coefficient 
under sub-sonic flow, independent from the gas composition, temperature or orifice 
diameter, it only depends on the pressure differential across the orifice; the problem with 
the sharp-edge orifice relies in the reduced volume of gas flowing through it compared 
under the same conditions to the straight-bore orifice, if our pressure metering tool does 
not handle well small volume rates it may be better to choose a straight-bore orifice 
geometry and sacrifice some estimation accuracy in favor of better data metering 
reliability.  
 
We recommend the use of the numerical methodology for scenarios where the vertical 
space available between the orifice and the assume interval where the DGOC is reduced 
since the gradient and compressible flow equations presented here are quite sensible to 
changes, because of this, the use of the type-curve methodology could add a slight shift in 
the calculated position of the DGOC, in wells with enough vertical space this issue does 
not represent a great problem since a resolution tolerance of +-10 ft. can be acceptable, 
but in cases where the vertical space is reduced, the shift imposed by a bad type-curve 
reading could place the DGOC even below the whole well completion. 
 
An additional benefit of the modification proposed to the deep tubing tail completion is 
that because of the direct connection to the gas cap that the gas inlet orifice provides, when 
the well is closed, the fluid levels inside the tubing and at the wellbore will balance given 
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enough time, if such connection is not present, like in well completions isolated from the 
gas cap, the fluid level inside the tubing will be different to that of the wellbore and the 
reservoir; this provides the opportunity to also make measurements of the static GOC 
when the well is shut in using the theory provided in this thesis for gradient calculation 
and fluid contacts estimation. 
 
If a continuous monitoring was performed where multiple pressure data points and rates 
were measured over a period of time under steady-state flow, the numerical methodology 
can be programed using software to be repeated on the whole data set in order to generate 
a plot of the dynamic gas-oil contact depth position over a period of time. 
 
The fact that the fluid levels inside the tubing and at the wellbore will balance has to be 
taken into account when opening the well, gas-lift assisted wells rely on the assumption 
that the fluid levels inside the well will be in concordance with the design of the gas-lift 
valves, for the well cases presented here an initial induction to start the well using gas 
injection though a C.T. to raise the level of the fluids inside the tubing to the level of the 
gas-lift valve and jumpstart the flow inside the well is advisable. 
 
In this thesis we have proposed two methodologies based on a selected set of orifice 
geometries and compressible flow through small diameter orifices expressions, but it has 
been easily concluded from available literature that a universal equation does not exist for 
flow rates estimation across orifices that fits accurately all types of chokes and fluids 
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passing through them (Bahadori. 2012a; Nøkleberg and Søntvedt. 1995), there exist many 
models to estimate choke flow behavior, depending on the fluid properties, sonic or 
subsonic flow and choke configuration, one model or another will be better suited to our 
specific scenario, and new studies are performed every day with the objective to improve 
current correlations. Furthermore the same case applies when trying to characterize the 
discharge coefficient for a specific orifice with a given geometry, for this reason we 
recommend that if the users require to implement a different set of equations to 
characterize the behavior of their flow and their orifice geometry, the results obtained in 
this thesis can still be applied with the condition that steps 3 and 4 of the numerical and 
type-curve methodologies (steps in charge of correlating the measured data inside of the 
production tubing to the gas cap) have to be adapted to the user’s correlations for 
compressible flow through orifices and discharge coefficient in the same way it was 
presented here and generate the corresponding dimensionless curves, this way the pressure 
at the gas in the user’s wellbore can be obtained and the position of the DGOC can be 
calculated following the steps proposed in the previous methodologies. 
 
5.2 Recommendations for Future Research 
 
Future work on the subject presented on this thesis could involve the results of laboratory 
tests using a vertical flow system with nested tubing or the results of field implementation, 
additional compressible flow through orifice equations and discharge coefficient 
characterization equations could be also studied, different orifice geometries can also be 
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included as a part of a future work in order to define which is better suited for the purposes 
of the methodologies presented here; if possible, an experiment with the implementation 
of both the gas inlet orifice design and external permanent pressure gauges would prove 
very useful allowing to calibrate and corroborate the estimations of the DGOC done with 
the proposed methodology with those estimation made parting from the pressure gauges 
data. 
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